TERT is of great importance in cancer initiation and progression. Many studies have demonstrated the TERT polymorphisms as risk factors for many cancer types, including lung cancer. However, the impacts of TERT variants on cancer progression and treatment efficacy have remained controversial. This study aimed to investigate the association of TERT polymorphisms with clinical outcome of advanced non-small cell lung cancer (NSCLC) patients receiving first-line platinum-based chemotherapy, including response rate, clinical benefit, progression-free survival (PFS), overall survival (OS), and grade 3 or 4 toxicity. Seven polymorphisms of TERT were assessed, and a total of 1004 inoperable advanced NSCLC patients treated with platinum-based chemotherapy were enrolled. It is exhibited that the variant heterozygote of rs4975605 showed significant association with a low rate of clinical benefit, and displayed a much stronger effect in never-smoking female subset, leading to the clinical benefit rate decreased from 82.9% (C/C genotype) to 56.4% (C/A genotype; adjusted OR, 3.58; P=1.40×10 -4 ). It is also observed that the polymorphism rs2736109 showed significant correlation with PFS (log-rank P=0.023). In age > 58 subgroup, patients carrying the heterozygous genotype had a longer median PFS than those carrying the wildtype genotypes (P=0.002). The results from the current study, for the first time to our knowledge, provide suggestive evidence of an effect of TERT polymorphisms on disease progression variability among Chinese patients with platinum-treated advanced NSCLC.
Introduction
Lung cancer remains the leading cause of cancer-related death worldwide [1] . Non-small cell lung cancer (NSCLC) accounts for about 85% of lung cancer cases, with the majority of patients presenting with advanced disease (stage IIIor IV), making surgical treatment impossible. Currently, platinum-based chemotherapy has been widely used as first-line treatment for advanced NSCLC, bringing modest benefits but also adverse effects, with the five-year survival rates less than 15% [2] . Clinical studies have suggested that the effects of platinum-based chemotherapy vary greatly among individuals [3, 4] . Thus, the research of tumor and patient genetic profiles, in order to identify predictive biomarkers for better efficacy and minimal toxicity, may provide new opportunities for tailoring treatment.
Three genome-wide association study (GWAS) identified susceptibility variants in the telomerase reverse transcriptase (TERT) gene associated with lung cancer risk [5] [6] [7] . TERT encodes the catalytic subunit of the telomerase ribonucleoprotein complex, which catalyzes the addition of telomeric repeats at the ends of chromosomes, thus plays a crucial role in maintaining genome integrity, controlling cell proliferation, and regulating tissue homeostasis [8, 9] . Telomerase is generally believed to be critical in cancer initiation and progression. Telomerase activation is a pivotal prerequisite for cell immortalization [10] . It lacks activity in most normal human cells with limited proliferative ratio, whereas it is activated in >90% of cancerous cells, making them grow continuously [11, 12] . TERT expression is also increased in cancers, and prognostic significance was demonstrated in many cancer types [13] [14] [15] [16] . Besides, functional and mechanistic studies have suggested that TERT acts as a direct transcriptional regulator of oncogenic signaling pathways that not only modulate its own levels but also control the induction of target genes critical for cell survival and cancer progression [8, [17] [18] [19] [20] . What is more, telomerase is reported to be the target of many kinds of anticancer agents, and both telomerase inhibition and telomere dysfunction have been demonstrated as a consequence of platinum treatment, suggesting the potential influence of TERT on treatment efficacy of platinum-based chemotherapy [21, 22] .
In molecular epidemiology studies, several TERT polymorphisms have been reported to be associated with the risk of many cancer types [10] . Only a few studies have paid attention to the associations between TERT variants and cancer progression, whereas the findings have remained controversial [13] [14] [15] [16] . It is noteworthy that there are no reports concerning the correlation between TERT polymorphisms and clinical outcomes of cancer patients receiving platinum-based chemotherapy. In the current study, we investigated 7 single nucleotide polymorphisms (SNPs) in TERT gene and estimated the associations of the polymorphisms with treatment response, disease progression, prognosis, and adverse effects in 1004 advanced NSCLC patients receiving first-line platinum-based chemotherapy. The goal of this study was to explore the potential influence of TERT genetic variants on the treatment and progression of advanced NSCLC.
Material and Methods

Patients recruitment and follow-up
We recruited 1004 patients with inoperable and newly histologically diagnosed stage IIIA-IV non-small cell lung cancer in Shanghai, China, between March 2005 and January 2010. Patients enrolled in this study met the criteria defined previously [3, 23] . Clinical information for all patients was recorded systematically at entry, including age at diagnosis, gender, smoking status, clinical stage, and tumor histology. Before chemotherapy, all the patients received evaluation including complete medical history, physical examination, and laboratory investigations. The medical record was available and reviewed by the oncologists. For smoking status, those who had smoked less than one cigarette per day and less than one year in their lifetime were defined as never smokers, otherwise they were considered ever smokers. Survival statistics were collected from several sources, including follow-up calls, Social Security Death Index, and inpatient and outpatient clinical medical records. Investigators were blinded to the genetic variant status of the patients. The research protocol was approved by the Ethical Review Committee of Fudan University and the participating hospitals, and written informed consent was obtained from each individual.
All the 1004 patients enrolled in the study were inoperable and were given first-line platinum-based chemotherapy (no prior surgery, radiotherapy, or concurrent chemoradiotherapy) as follows: cisplatin (75mg/m , on day 1 every 3 weeks. Few patients were given other platinum-based treatment. All chemotherapeutic drugs were administered intravenously, and all treatments were for two to six cycles.
The chemotherapy responses of the patients were assessed from the end of the first two cycles of treatment according to Response Evaluation Criteria in Solid Tumors (RECIST) guidelines version 1.0, which divided the responses into four categories: complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD). The response rate was defined as the percentage of patients with CR or PR, and clinical benefit represented those with CR, PR, or SD [24] . Progression-free survival (PFS) was calculated from the date of chemotherapy beginning to the date of disease progression or death (whichever occurred first). Overall survival (OS) was calculated from the date of chemotherapy beginning to the date of death.
The incidence of chemotherapy toxicity was evaluated twice weekly according to the National Cancer Institute Common Toxicity Criteria version 3.0. Toxicities included neutropenia, anemia, thrombocytopenia, nausea, and vomiting. Each of these was grouped into (i) grade 2 or less as mild toxicity, and (ii) grade 3 or 4 as severe toxicity. Grade 3 or 4 neutropenia, anemia, or thrombocytopenia composed the severe hematologic toxicity, and grade 3 or 4 nausea or vomiting composed the severe gastrointestinal toxicity [25] . No grade 5 toxicity (death) was observed.
SNP Genotyping
The genotyping data on the TERT gene region (including 2kb upstream) from the Han Chinese in Beijing (CHB) population were acquired from the phase 2 HapMap SNP database (http:// www.hapmap.org/), and tag-SNPs with a minor allele frequency (MAF) 0.05 and a correlation coefficient (r 2 ) threshold < 0.8 were selected using Haploview 4.1 (http://www.
broadinstitute.org/haploview). Potentially functional SNPs published in the previous studies were also involved. Blood samples were collected from patients at the time of recruitment. Genomic DNA was prepared using QIAamp DNA Maxi Kit (Qiagen, Hilden, Germany). All selected SNPs were genotyped using a customized iSelect HD BeadChip (Illumina, San Diego, CA, USA), with the quality control criteria as follows: a genotyping call rate by SNP > 0.90, and a GenCall score > 0.2. A total of 7 SNPs passed the quality filters. Concordance between the genotyping replicates was above 99.9%.
Statistical analysis
Statistical analyses were performed to investigate the relations between TERT SNPs and clinical outcomes (response rate, clinical benefit, PFS, OS, and severe toxicity) following platinum-based chemotherapy. Patient characteristics were tested against outcomes by chi-square tests (for dichotomous variables) or log-rank tests (for survival variables). The association between each genetic polymorphism and dichotomous outcomes were assessed by odd ratios (ORs) and 95% confidence intervals (CIs) using unconditional logistic regression model, with adjustment of patient characteristics (age, gender, Eastern Cooperative Oncology Group performance status, smoking status, TNM stage, histological type, and chemotherapy regimens) to show P < 0.1 in chi-square tests. The associations of genetic variants with survival were evaluated by log-rank test, and hazard ratios (HR) and 95% CI was calculated by Cox proportional hazards regression model, with adjustment of patient characteristics to yield P < 0.1 in log-rank tests. Kaplan-Meier method was used to plot survival curve. Genetic variants that yield P < 0.05 in multivariate analysis were selected for stratification analysis in characteristics subgroups, and P values for interaction were calculated to investigate the influences of genotypes on outcomes between characteristics subgroups. Pairwise linkage disequilibrium (LD) among polymorphisms were evaluated using D' and r 2 , and haplotype block was defined by the Gabriel et al method using Haploview 4.1 [26] . The haplotype frequencies were calculated using Phase 2.0 program (version 2.0.2) [27] . All statistical analyses were performed using SPSS software (version 15.0), and a twosided P value < 0.05 was considered statistically significant. For each SNP, Bonferroni correction was made for the P value by multiplying the number of SNPs tested in this study [3] .
Results
Patient characteristics and clinical outcome
The patient characteristics and clinical outcomes of all 1004 patients enrolled in this study are shown in Table 1 . All patients had received two to six cycles of first-line platinum-based chemotherapy. The correlations between variables were tested by chi-square tests or log-rank tests (data not shown). Of the subjects, the response rate to chemotherapy was 18.2%, and the clinical benefit was 80.7% (0.1% patients with CR, 18.1% patients with PR, 62.6% patients with SD, and 19.3% patients with PD). For survival analysis, by the time of final data collection (July 2012), the median follow-up time was 46.5 month, and death had occurred in 74.9% of enrolled patients. The median PFS was 9.1 months, and the median OS was 19.3 months. For toxicity analysis, 232 (23.9%) patients suffered from grade 3 or 4 hematologic toxicity, and 80 (8.3%) patients experienced grade 3 or 4 gastrointestinal toxicity. A few patients were not enrolled because of loss to follow-up. All 7 SNPs were in Hardy-Weinberg equilibrium (P > 0.05; Table 2 ).
Association of genetic variants with chemotherapy response
Associations between TERT polymorphisms and objective responses (response rate and clinical benefit) to first-line platinum-based chemotherapy were assessed using unconditional logistic regression model. We observed that the rate of clinical benefit was significantly lower in the variant heterozygote C/A of polymorphism rs4975605 than in the wild-type homozygote C/C (adjusted OR, 1.51; 95% CI, 1.01-2.25; P = 0.046; Table 3 ). Further stratification analyses between rs4975605 and clinical benefit were performed by patient characteristic subgroups of age, gender, smoking status, TNM stage, histological type, and treatment regimens. A dominant model was assumed because of the relatively small sample size in subgroup analysis. We observed that the variant rs4975605 showed the most significant correlation with clinical benefit in the never-smoking females subset (adjusted OR, 3.58; 95%CI, 1.86-6.90; P = 1.40×10 -4 ; remaining significant after Bonferroni correction; Table 3) , with a significant influence of interaction was exhibited (P = 0.003). Several significant associations between rs4975605 and clinical benefit were also observed in subgroups of 58 years old, female, never smokers, stage IV, histologic type of adenocarcinoma, and cisplatin-navelbine regimen. 
Association of genetic variants with survival
Associations of TERT genetic variants with PFS and OS were evaluated using log-rank test and Cox proportional hazards regression model. It is observed that the polymorphism rs2736109 exhibited significant influence on PFS time of NSCLC patients after platinum-based treatment (log-rank P = 0.023). Stratification analyses by patient characteristic subgroups were performed and the most significant genetic model was assumed as the best fitting model. We observed that the median PFS time for patients with heterozygote G/A of rs2736109 was longer than those with the wild-type homozygous genotype in age > 58 subgroup (log-rank P = 0.007; adjusted HR, 0.65; 95%CI, 0.50-0.85; P = 0.002; remaining significant after Bonferroni correction; P for interaction = 0.012; Table 4 , Fig 1) . TERT has only one linkage disequilibrium (LD) block according to the reconstructed LD plot of 1004 patients (S1 Fig), which was defined by the method of Gabriel et al. The polymorphism rs2736109 was observed in high LD with rs2736098 (D' = 0.977; r 2 = 0.765). Further haplotype analyses were performed to investigate the relationships between TERT genetic variants and PFS. However, no significant association was observed between rs2736098-rs2736109 haplotypes and PFS, both in overall patients and in subgroup analysis (Data not shown).
Association of genetic variants with grade 3 or 4 toxicity
Associations between each TERT SNP and each grade 3 or 4 toxicity were evaluated by unconditional logistic regression model. There was no statistically significant correlation between any polymorphisms and severe toxicity of platinum-based chemotherapy (Data not shown). The heterozygote C/A of rs4975605 showed a protective effect for severe neutropenia (adjusted OR, 0.58; 95%CI, 0.32-1.07, P = 0.081), and the heterozygous genotype of rs2736109 displayed a risk influence on severe gastrointestinal toxicity (adjusted OR, 1.68; 95%CI, 0.99-2.83, P = 0.054), but none of them reached the statistical significant level (Table 5) . 
Discussion
In this study, we systematically evaluated the associations of TERT polymorphisms with clinical outcome of advanced NSCLC patients receiving first-line platinum-based chemotherapy. We found that the variant heterozygote C/A of polymorphism rs4975605 exhibited significant association with a low rate of clinical benefit and, displayed a much stronger influence in the never-smoking female subgroup than the others, leading to the benefit rate that decreased from 82.9% (C/C genotype) to 56.4% (C/A genotype; P = 1.40×10 -4 ). We also observed a Abbreviation: MST, median survival time (months); HR, hazard ratio; CI, confidence interval. 1 Numbers of patients show progression disease among all the patients in the same characteristics group. 2 Data were calculated by log-rank test. 3 Data were calculated by Cox proportional hazards regression model, with adjustment of patient characteristics with P < 0.1 in log-rank test (For stratification analysis of chemotherapy regimens, adjusting covariate was ECOG PS; for all the other analysis, adjusting covariates were ECOG PS and chemotherapy regimens). 4 Significance remained after the Bonferroni correction.
doi:10.1371/journal.pone.0129232.t004
Kaplan-Meier curve of progression-free survival according to TERT rs2736109 polymorphism in (a) overall 1004 patients and (b) age > 58 supgroup. These plots were generated by the SPSS software.
doi:10.1371/journal.pone.0129232.g001 significant correlation between the polymorphism rs2736109 and PFS, specially in age > 58 subgroup, with patients carrying the variant heterozygote G/A genotype having a longer median PFS than those carrying the wild-type homozygous genotypes (P = 0.002).
TERT is of great importance for genome integrity and plays a crucial role in cancer initiation and progression. Many molecular epidemiology studies have demonstrated genetic variations in the TERT gene as risk factors for many cancer types [5, 10] . Mocellin et al. have summarized eighty-five studies of TERT polymorphisms enrolling 490901 subjects with a total of 24 tumor types, and have demonstrated the polymorphisms rs2736098, rs2736100, and rs2853676 significantly associated with risk of lung cancer [10] . What is more, several studies have reported that the polymorphism rs2736100 displayed significant correlation with lung cancer risk in never-smoking females [28] [29] [30] . Accumulating evidence has demonstrated that the molecular pathogenesis and treatment response of lung cancer differs by smoking status. Lung cancers arising in never smokers are suggested to have different molecular carcinogenic pathways and distinct profiles of oncogenic mutations; for example, lung cancer patients in never smokers are much more likely to carry mutations of epidermal growth factor receptor (EGFR) [31, 32] . Functional and mechanistic studies have indicated that TERT plays an important role in regulating oncogenic signaling pathways and acts as a transcriptional regulator of EGFR expression, implying its potential role in the progression of lung cancers arising in never smokers [17, 18, 33] . In the current study, we did not observe significant association between rs2736100 and clinical outcomes of platinum-based chemotherapy, both in overall patients and in smoking status subgroups. However, the polymorphism rs4975605 showed a significant influence on clinical benefit after platinum-based treatment, and exhibited a much stronger effect in never-smoking female subgroup. This suggested that the variants rs4975605 displayed significant impact on the rate of progressive disease (PD) in advanced NSCLC patients following first-line platinum-based treatment. Futher analysis found that heterozygous rs4975605 exhibited significant influence on PFS in never-smoking female subgroup (adjusted HR, 1.50; 95%CI, 1.03-2.19; P = 0.037), suggesting its significant impact on advanced NSCLC progression.
In survival analyses, we observed the polymorphism rs2736109 significantly associated with PFS of advanced NSCLC patients receiving first-line platinum-based chemotherapy. The effect of the polymorphism was also apparent in subgroup of > 58 years old, male, ever smokers, never smokers, stage IV, histologic type of squamous cell, cisplatin-navelbine and carboplatin-paclitaxel regimens. The polymorphism rs2736109 is located in the putative promoter region of TERT. Interestingly, functional annotation indicates that rs2736109 is located in the binding site of GATA-2 transcription factor and the variant A allele creates a new GATA-1 binding site compared with the wild-type G allele according to TFSEARCH prediction (http://www.cbrc.jp/research/db/TFSEARCH.html), implying its potential impact on transcription factor binding activity and TERT expression. Further functional and mechanistic studies will be required to clarify the real role of this genetic variant. In this study, we did not observe any association between TERT polymorphisms and OS. OS as an endpoint of cancer treatment is clinically meaningful and objectively assessed, with limitations of confounding effects of post-protocol events, for example, subsequent therapies. Since we focused on first-line treatment in the current study, we believed PFS, with greater statistical power and a lower likelihood of confounding by subsequent therapies, is more suitable for our research than OS [34] [35] [36] .
We performed the association analyses between TERT polymorphisms and grade 3 or 4 toxicity in advanced NSCLC patients during first-line platinum-based chemotherapy, however, no statistical significant association was observed. Platinum compounds can form both interstrand and intrastrand DNA adducts that result in DNA instability and cell death, which are responsible for the cytotoxicity of the platinum agents in both tumor cells and normal cells [3] . Telomerase is believed to be inhibited in most normal human cells, only remaining activity in some tissues, such as stem cell populations, male germ cells, and activated lymphocytes [9] . Interestingly, in the current study, we observed that the heterozygous rs4975605, which showed a significant influence on low benefit rate, displayed a protective effect for the incidence of grade 3 or 4 neutropenia (P = 0.081); similarly, the heterozygote of rs2736109, which showed significant correlation with long median PFS, exhibited a risk impact on grade 3 or 4 gastrointestinal toxicity occurrence (P = 0.054), although none of them reached the statistical significant level. These suggest that the TERT variants show consistent response to chemotherapy agents in tumor cells and normal cells.
In the current pharmacogenetic study, all 1004 advanced NSCLC patients enrolled are Han Chinese and were treated in three medical centers with exact same criteria for patient recruitment and information collection, limiting the potential confounding effects of clinical heterogeneity. The sample size of 1004 patients is large, may be one of the largest groups reported to date. However, when focused on subgroup analyses, the sample size in some subgroups, such as each single regimen, were still small. Detailed research in single regimen subsets require studies with larger sample sizes in the future. The most significant findings in this study, rs4975605 with clinical benefit and rs2736109 with PFS, all appeared in heterozygotes, which may also be a result of limited sample size. Because of the relatively small number of homozygous variants (for example, rs4975605, MAF = 0.1), especially in subgroups, there may be insufficient statistical power to detect the real effect of the homozygotes. Alternatively, this effect might be more likely to be subject to selection bias than that of the heterozygotes, which are often present in a larger number of subjects [37] . In addition, it is also possible that loss of heterozygosity (LOH) in this gene region [38] , or the variant plays a role in an overdominant model, with the heterozygotes functioning in an unclear mode. These need to be examined in further studies.
To the best of our knowledge, this is the first study demonstrating significant associations between TERT polymorphisms and platinum-based chemotherapy outcomes in Chinese patients with advanced NSCLC. Our findings, although obtained from a retrospective study, suggest that TERT variants may play an important role in interindividual differences in disease progression of advanced NSCLC patients following platinum-based chemotherapy. Our results may be an interesting start point for future investigation and, further studies will be necessary to validate our findings.
Supporting Information S1 Fig. Graphical representation of the SNP locations and block structure of TERT in our population samples. Pairwise linkage disequilibrium relationships between the TERT polymorphisms were reported using the correlation coefficient r 2 .
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